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Introduction
The Clarence-Moreton Basin (CMB) covers approximately 
26000 km2 and is the only sub-basin of the Great Artesian Basin 
(GAB) in which there is flow to both the south-west and the east, 
although flow to the south-west is predominant. In many parts 
of the basin, including catchments of the Bremer, Logan and 
upper Condamine Rivers in southeast Queensland, the Walloon 
Coal Measures are under exploration for Coal Seam Gas (CSG). 
In order to assess spatial variations in groundwater flow and 
hydrochemistry at a basin-wide scale, a 3D hydrogeological 
model of the Queensland section of the CMB has been developed 
using GOCAD modelling software. Prior to any large-scale CSG 
extraction, it is essential to understand the existing hydrochemical 
character of the different aquifers and to establish any potential 
linkage. To effectively use the large amount of water chemistry 
data existing for assessment of hydrochemical evolution within 
the different lithostratigraphic units, multivariate statistical 
techniques were employed. 
Geology and Hydrogeology of the Clarence-
Moreton Basin
Stratigraphy and depositional framework
The Clarence-Moreton Basin (CMB), located in southeast 
Queensland and north-eastern New South Wales (Figure 1), 
covers an area of approximately 26000 km2. O’Brien and Wells, 
(1994) described the basin as an intracratonic sag basin where 
Late Triassic to Jurassic sediments were deposited as sheet-like 
units mostly by rivers. The CMB contains sediments of up to 
approximately 2000 m thickness, deposited in three sub-basins 
separated by major structural elements (Figure 1). 
The generalised stratigraphic sub-division of the CMB is 
shown in Figure 2 (based on Wells and O’Brien, 1994). In this 
stratigraphic classification, the major units of the CMB geological 
model from oldest to youngest are:
• Woogaroo Subgroup: composed of sheet-like deposits, 
dominantly of quartzose sandstone, which form an aquifer 
throughout most of its occurrence. 
• Gatton Sandstone: dominated by sheet-like sandstone bodies 
and typically forms a low-permeability aquifer. 
• Koukandowie Formation: similar to the Gatton Sandstone, 
the Koukandowie Formation also contains quartz-feldspathic-
lithic sandstone units, but it is also characterised locally 
by finer lithologies facies including minor coal, and so has 
variable permeability. 
• Walloon Coal Measures: the youngest CMB unit in the model 
domain and they are the primary targets for Coal Seam Gas 
exploration. Composed primarily of mudstone, siltstone and 
variable thickness layers of coal. Recent drilling of coal 
seam gas wells (Arrow Energy) showed that the sequence 
of the Walloon Coal Measures in the Laidley sub-basin of 
the Bremer Valley is composed of numerous fining-upwards 
cycles (Figure 1).
The basal contact varies throughout the CMB, and includes, 
for example, the Esk Formation and the Neranleigh-Fernvale Beds. 
Locally, the Woogaroo Subgroup is absent and Gatton Sandstone 
directly overlies pre-CMB stratigraphic units. 
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Figure 1. Regional location, sub-basins and major structural elements of 
the Clarence-Moreton Basin as well as relationship to surface water catchments 
in southeast Queensland.
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Methods 
Development of the 3D geological model
A regional-scale 3D geological model of the CMB that 
integrates both stratigraphic and lithofacies information is 
developed using GOCAD® software. 
Data sources for 3D geological model
The major sources of input data for the 3D geological model are:
Elevation data: topographic data are used to develop a digital 
elevation model (DEM), which interpolates ground elevation between 
points at which measurements have been made. Topographic data for 
this study were compiled from different sources including LiDAR 
and Shuttle Radar Tomography Mission (SRTM) data. 
Geological maps: The digital geological map (Geological 
Survey of Queensland) is used in the construction of the 3D geological 
model to define the surface boundaries between geological units. 
Well log data: Well log information are the main source 
of data for the construction of the 3D geological model of the 
Clarence-Moreton Basin. Well log data for this study include:
• Stratigraphic wells (from Geological Survey’s of Queensland 
and New South Wales).
• Petroleum wells (from the Geological Survey’s of Queensland 
and New South Wales).
• Coal Seam Gas wells (from public domain company reports)
• Groundwater wells (from the Department of Environment and 
Resource Management groundwater database). 
In total, more than 25000 bores have been drilled in the CMB. 
However, while there are for example a substantial number of wells 
in the adjacent Surat Basin that intersect all major stratigraphic 
units of the basin, there is only a limited number of deep wells 
in the CMB, highlighting that information on stratigraphy of 
deeper units is limited in the CMB. The quality of the lithological 
and stratigraphic data associated with the different well types 
is also highly variable. It was found that for the identification 
of contacts between the different GAB units, the stratigraphic, 
petroleum and CSG wells provide the most useful detail, and in 
contrast, the lithological and stratigraphic data of the drillholes 
in the Department of Environment and Resource Management 
(DERM) groundwater database for the CMB is typically limited. 
Nevertheless, the DERM data are generally very useful to identify 
the boundaries between shallower units, such as the contact 
between alluvium and the underlying bedrock, and between Main 
Range Volcanics and Walloon Coal Measures subcropping on the 
Great Dividing Range. Further, in contrast to the Surat Basin, 
there are only very limited seismic data available in the CMB.
Workflow of 3D geological model development
A 3d geological model development workflow is shown in 
Figure 3 and described below following the detailed description 
by Raiber et al. (2012). 
Younger units overlying the CMB units include the sediments 
of the nationally significant alluvial systems of the Condamine 
and Lockyer valleys, and the Tertiary age Main Range Volcanics 
which cover the Great Dividing Range and act as important 
recharge zones. 
Hydrogeology
An extensive drilling program conducted as part of the 
National Action Plan for Salinity and Water Quality in the Bremer 
Valley (Pearce et al. 2007a) and the Lockyer Valley (Pearce et 
al. 2007b) provided important information on the hydrogeological 
framework and the contact between alluvium and underlying 
bedrock in these catchments. The studies show that in these 
catchments which are located immediately to the east of the 
Great dividing Range, groundwater flow direction in the Gatton 
Sandstone, Koukandowie Formation and Walloon Coal Measures 
is predominantly to the east; this is opposite to the typically south-
westerly groundwater flow that dominates most parts of the GAB. 
The location and orientation of the divide that separates easterly 
and westerly groundwater flow directions in the CMB units is 
currently unknown, but is likely to be located beneath the thick 
basalts of the Main Range Volcanics. This possibility suggests that 
most of the Laidley sub-basin is perhaps not strictly part of the 
GAB groundwater flow system. 
Figure 2. Stratigraphy of the Clarence-Moreton Basin in Queensland after 
Wells and O’Brien (1994). Hydraulic characteristics noted are generalised and 
vary within each unit in depending on lithological composition.
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Multivariate statistical analysis
To assess hydrochemical data, multivariate statistical 
methods are used in addition to individual parameters such 
as EC (electrical conductivity) or pH for the identification of 
patterns in groundwaters of the CMB, alluvium and Main Range 
Volcanics. In comparison to traditional graphical techniques 
such as Piper or Schoeller plots, the use of multivariate 
statistical analysis has several advantages: graphical techniques 
often lack clarity where large datasets are displayed and only 
allow the inclusion of a limited number of variables (i.e. only 
major ions and no option to directly include EC or pH in the 
interpretation). The hydrochemical assessment used both data 
from the Department of Environment and Resource Management 
(DERM) groundwater database as well as new data collected 
within this project.
A limitation is that multivariate statistical techniques only 
consider sites where a value has been reported for each input 
variable, therefore the selection of variables included in the 
analysis is very important. In the present study, 10 variables 
(Ca, Mg, Na, K, HCO3, Cl, SO4, NO3, EC and pH) were selected. 
Some parameters are very useful, such as Br (Cl/Br ratio can 
characterise the source of dissolved solids and indicate mixing), 
and redox indicators such as Fe, Mn and NH4+ and should also 
be included to identify hydrochemical patterns (Raiber et al., 
2012). However, these were not included for most sample records 
within the DERM database, a major limitation of this water 
Data validation: Because of the large variability of data 
quality particularly with the different well log data, verification 
and, correction of the input data are early and critical steps in the 
3d modelling work flow. 
Simplification of lithological data into major categories: 
Geological maps typically display a large number of geological 
units that cannot be adequately represented by a 3D geological 
model. It is necessary to simplify and combine these into a 
reasonable and meaningful number of units. 
Definition of boundary surfaces for major geological units: 
A 3D geological model is generally composed of a series of units 
(layers) that are assembled with respect to their chronology and 
structural relationships. these units are defined and demarcated 
by a set of boundary surfaces. It is only necessary to develop a 
surface for the top of each geological layer, as the bottom of each 
geological layer is represented by the top of the underlying layer. 
The different lithological and stratigraphic datasets were imported 
as markers into GOCAD; to generate the boundary surfaces the 
GOCAD markers were then used in combination with point data 
from digital elevation models where geological units outcrop 
(Figure 3). 
Assembly of the 3D geological model: The final 3D 
volumetric geological model is assembled from its component 
layers, which are defined from the boundary surfaces using 
GOCAD. 
Figure 3. Workflow of 3d geological model development.
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the topographic surface (Figure 5) or they can be displayed at the 
screened interval. 
Multivariate statistical assessment of the hydrochemical 
evolution within the CMB reveals seven groups that are 
characterised by distinct hydrochemical patterns. For example, 
groundwaters of the Walloon Coal Measures in the Laidley sub-
basin (Cluster 6 in figures 5 and 6, table 1) are mostly saline. 
While all WCM groundwaters in this sub-basin are saline, there 
is a clear hydrochemical distinction between groundwaters 
dominated by high HCO3/Cl ratios and those with low HCO3/Cl 
ratios, suggesting different evolutionary pathways. Of note, most 
groundwaters of the Gatton Sandstone are assigned to the same 
groups as the Walloon Coal Measures (Cluster 6, Figure 5), and are 
also characterised by a distinction between groundwaters that have 
high HCO3/Cl ratios and groundwaters with low HCO3/Cl ratios, 
respectively. A comparison to groundwater within the Walloon 
Coal Measures west of the Great Dividing Range, including 
the Surat Basin, shows that in the Walloon Coal Measures of 
the Laidley sub-basin groundwaters are typically more saline, 
suggesting a different evolution and probably different recharge 
processes. Compared to the brackish-saline groundwaters of 
the Walloon Coal Measures and Gatton Sandstone, those of the 
Woogaroo Subgroup (Cluster 1, median Total Dissolved Solid 
concentrations of 260 mg/L; Table 1) are predominantly very 
fresh. This considerable hydrochemical variation within the 
different geological units can be primarily attributed to the very 
different hydraulic and lithological properties of the different 
units, which controls groundwater recharge mechanism, aquifer 
redox environment and interaction between aquifers. 
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chemistry dataset. Prior to the multivariate statistical analysis, 
all variables except for pH were log-transformed to ensure that 
each variable more closely follows a normal distribution. 
Results
As a first step for the generation of the 3d geological model 
of the CMB, a model for the Laidley sub-basin (Figure 1) was 
developed (Figure 4); this is currently extended to include 
the Logan and Cecil Plains sub-basins. The CMB model in the 
Laidley sub-basin consists of nine stratigraphic units including 
undifferentiated basement (Triassic and older), four GAB 
layers (Woogaroo Subgroup, Gatton Sandstone, Koukandowie 
Formation and Walloon Coal Measures), Main Range Volcanics, 
undifferentiated volcanic plugs, undifferentiated Tertiary 
sediments and alluvium. Figure 4 shows a section of this model 
near the West Ipswich Fault, and includes parts of the major 
depocentre that has developed in the Laidley-sub-basin due to 
syn-sedimentary subsidence. 
In order to understand the physical and chemical processes 
that control groundwater evolution in relation to the geological 
framework, the results of the multivariate statistical analysis (Figure 
5) are here placed into the spatial context of the 3d geological 
model (Figure 6). Different ways of integrating hydrochemical 
data into 3D geological models have been presented by Raiber 
et al. (2012) and Cox et al. (submitted). For example, parameters 
such as EC or hierarchical cluster membership can be projected on 
Figure 4. 3d geological model of the Clarence-Moreton Basin near the West Ipswich Fault.
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Figure 6. 3D view of the HCA-derived groundwater chemistry groups and boundary surface of undifferentiated basement. 
Figure 5. Distribution of HCA-derived groundwater chemistry groups.
LInkInG thRee-dIMensIOnAL GeOLOGICAL MOdeLLInG And MuLtIVARIAte stAtIstICAL AnALysIs tO deFIne GROundWAteR CheMIstRy 
BAseLIne And IdentIFy InteR-AquIFeR COnneCtIVIty WIthIn the CLARenCe-MORetOn BAsIn, sOutheAst queensLAnd, AustRALIA
Eastern Australasian Basins Symposium IV Brisbane, QLD, 10–14 September, 20126
and O’BRIen, P.E. (editors) Geology and petroleum potential 
of the Clarence-Moreton Basin. Australian Geological Survey 
Organisation Bulletin, 241, 72–137.
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Conclusions
Compared to a 2D plot-based hydrochemical assessment, 
the 3D approach enables integration of a range of information 
(topographic, geological, hydraulic, hydrochemical and spatial) 
into a single graphical representation. This integration provides 
valuable insight into the major factors controlling aquifer processes 
and enables correlation of spatial variations of hydrochemistry to 
the geological framework. Limitations to the approach presented 
in this study are mostly associated with input data such as poor 
lithological or stratigraphic records or limited water chemistry 
data. In addition to the multivariate statistical analysis and the 
3D geological model development, the use of stable isotopes and 
groundwater age tracers will further help to identify the controls 
of water chemistry evolution and hydraulic relationships between 
aquifers/aquitards in the Clarence-Moreton Basin. 
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Median ion concentrations in mg/L
Ca Mg Na K Cl HCO3 SO4 NO3
1 401 263 7 12 7 48 7 55 98 7 0.50
2 2100 1484 8 65 96 225 2 410 624 13 1.50
3 1146 866 8 65 66 78 2 168 445 12 12.70
4a 1045 766 8 49 41 101 2 134 393 9 0.60
4b 609 455 8 37 28 49 1 65 260 6 0.90
5 4395 2763 8 98 154 469 3 1117 609 40 14.90
6 18200 11900 8 220 446 3150 6 6500 636 226 15.00
